In this paper, RF sputtered antimony vanadium oxide (SbVO4 or "AVO") thin films and its characterization are reported. High purity sputtering targets were fabricated by sintering a mixture of Sb2O3 and V2O5 powders. Thin films were deposited by reactive sputtering at various temperature and argon/oxygen partial pressures. Several growth parameters and surface chemistry were studied by applying numerous optical and electrochemical characterization technique. It is found that SbVO4 exhibits an indirect band gap in the range of 1.89 eV to 2.36 eV and has desirable valence band position to drive water oxidation reaction under illumination. The bandgap depends heavily on stoichiometry of the film and can be modulated by incorporating controlled amount of oxygen gas in plasma environment. Optimized SbVO4 photoanodes was designed and tested for photoelectrochemical water oxidation catalysis. Preliminary studies show that these electrodes possess n-type catalytic behavior in alkaline media. The prepared SbVO4 thin films, with typical film thickness was around 400 nm, contain nanoparticles having the sizes of 10-15 nm.
Introduction
After the pioneer work by Fujishima and Honda in water photolysis using TiO2 electrode [1] in 1972 [1] , extensive efforts have been made to explore oxide and nitrite-based photoanodes TiO2, WO3, Fe2O3, and TaON for the use in photoelectrochemical (PEC) cells [2] [3] [4] [5] [6] [7] [8] because of their relatively high stability in resisting oxidative photo corrosion and their low fabrication cost.
Vanadium antimony based oxide materials have been mostly studied as efficient catalysts for a wide range of selective oxidation and ammoxidation reactions [9] [10] [11] and photoelectrochemical water splitting as well [12] [13] . Prior works suggest that catalytic behavior of these ternary oxides significantly depends on its crystal structure, surface morphology, chemical composition, and its band gap and hence on the preparation conditions [14] . Researches on nonstoichiometric antimony vanadium oxides such as Sb0.92V0.92O4 [15] [16] , Sb2V2O9 [16] , Sb2VO5 [17] , and modified SbVO4 [18] [19] [20] [21] [22] [23] suggest strong dependence of stoichiometry on the method used to synthesize the film. Even though these oxides are generally more stable in aqueous solutions and inexpensive, but their photochemical activity is often limited by poor carrier separation [24] and their relatively higher band gap. A number of solution-based methods have been explored to make stoichiometric SbVO4 powder [19] , thin film deposition with desired stoichiometric SbVO4 photoanodes has remained quite underexplored.
This report describes a novel synthesis procedure for an antimony-vanadium oxide thin film using RF sputtering deposition with high purity homemade targets. Sb and V have different sputtering yields under reactive plasma deposition, so single phase home-made high purity target of SbVO4 in oxygen environment was used to produce the desired phase of SbVO4 by controlling the Sb/V ratio. This approach leads to deposition of uniform SbVO4 thin films with relatively narrow band gap (1.89 -2.1 eV), desirable for PEC application. We find that a slight oxygen incorporation in gas mixture during sputter deposition lowers the fundamental bandgap by 0.2 eV. Initial photoelectrochemical testing at higher bias potentials indicates an n-type nature of SbVO4 thin film electrode. The surface morphologies of differently prepared thin films were compared and band gap modulation parameters of RF sputtered AVO thin film was also studied.
Experimental Details

1) SbVO4 target synthesis: Preparation of SbVO4 precursor powder
Precursor powder was synthesized by a high-temperature solid-state reaction method by mixing antimony oxide (Sb2O3, 99.9%) and vanadium oxide (V2O5, 99.9%) keeping the stoichiometric ratios of the metal elements Sb:V nominally 1:1. The mixture was homogenized using a rolling mixer and the powder was transferred to a fused-silica crucible which was placed at room temperature into an ambient-atmosphere electric muffle furnace. A fused-silica plate was placed over the crucible to mitigate the loss of any volatile components (either Sb or V vapor) but without a gas-tight seal to allow excess oxygen to be present during the annealing process. The assembly was brought up to approximately 820 o C over a period of 4 hours and then held at this temperature for another 4 hours. The furnace was then deactivated and allowed to cool down on its own. The resulting powder was strong solid chunk and was dark gray in appearance. This solid material was then crushed and grinded thoroughly using agate mortar and pestle until it became a fine powder. Approximately 20 g of the annealed powder was used to fabricate a target which could be used for RF sputtering depositions. The powder was loaded into a stainless-steel target cup with a 2ʺ diameter cavity and pressed at room temperature with an applied force of 12 tons for 20 minutes to get the high purity target ready for installation.
2) Thin Film Deposition: Radio Frequency (RF) Magnetron Sputtering
The high-purity homemade target was loaded into a custom-built sputtering chamber. Depositions were performed using various substrates (FTO and soda-lime glass) with temperatures ranging from ambient to 270 o C, chamber pressures ranging from 5 mTorr to 15 mTorr sustained by supplying a mixture of argon and oxygen gases with the total flow rate of 30 sccm, and RF sputtering powers typically ranging from 40 -70 W. These conditions resulted in a deposition rate of approximately 1.7-2.5 nm/min. The discussions here are primarily focused on thin films sputter deposited with a 50-Watt RF power at room temperature; and with 6 sccm oxygen and 24 sccm argon, while maintaining a total chamber pressure of 10 mTorr, for qualitative analysis. The substrates were held at room temperature during deposition, and the resulting films were post annealed at 550 o C for 60 mins unless otherwise stated.
3) Thin film characterization
The surface morphology and bulk elemental composition (Sb to V atomic ratio) of the thin films were characterized using a Hitachi scanning electron microscope (SEM) with a built-in energy dispersive spectroscopy (EDS) attachment. The ratios of the antimony and vanadium metals in the resulting films were determined using energy dispersive x-ray spectroscopy with Rigaku Cu Kα radiation. EDS measurements for elemental analysis were taken of regions approximately 500 μm x 500 μm in area. Film thicknesses were measured using a DEKTAK profilometer to determine the step height at a tape-masked center and holder frame-masked edges. Bulk crystalline structure of the thin films was characterized using a Rigaku X-ray diffractometer using coupled 2θ Bragg-Brentano mode and a copper X-ray source (Kα Cu =1.54 Å). Phase assignments were made based on the Joint Committee on Power Diffraction Standards (JCPDS) database. The optical absorbance spectrum was measured by a PerkinElmer lambda 1050 UV-vis-NIR spectrophotometer. The transmittance and reflectance of the samples were measured by optical spectrometer using 300 nm -1500 nm wavelength and the band gaps were calculated using the following relation.
Where α is the absorption coefficient, t is thickness, and R and T are reflection and transmission respectively. Now, if we plot (αhν) n vs. hν, the we can get a straight line, the intercept of which gives us the band-gap value. n= 2 for direct; n=1/2 for indirect transition.
4) Electrode design and Photoelectrochemical (PEC) measurements
SbVO4 electrodes were prepared by cutting 4ʺ×4ʺ thin films deposited on Tec-15 substrates into smaller 0.75ʺ×1.5ʺ rectangular shapes. The thin films were then partially covered by a nonconducting epoxy resin from the edges to design an electrode, which has a smaller uncovered region in the center for light exposure. The film on one side of these electrodes was then mechanically removed by gentle scratches exposing underlying conducting layer of the substrate and solder with thin indium metal layer for better electrical contact. The PEC characterization was carried out using Voltalab potentiostat, in a three-electrode configuration with an Ag/AgCl reference electrode, platinum mesh counter electrode, and SbVO4 thin film electrode as the working electrode, in a quartz-windowed cell partially filled with 0.5 M KOH solution (pH 13.7) as electrolyte. The recorded potential versus Ag/AgCl (EAg/AgCl) in this work was converted into potential against reversible hydrogen electrode (RHE) using the Nernst equation (2) given below:
The system was purged with nitrogen for 30 mins in order to remove possible oxygen dissolved in the electrolyte. Photoelectrochemical response was recorded on both the front-side and backside illumination through the flat-side of quartz cell. The illumination source was 300 W Xe lamp equipped with AM 1.5 filter. The light intensity of 100 mW/cm 2 was adjusted and calibrated using silicon photodiode.
5) Results & Discussion 5.1 XRD and EDS
This research is primarily focused on obtaining tetragonal SbVO4 by controlling stoichiometric ratio of Sb to V within the range of 1:1 to 1.4:1using reactive sputtering. The amount of oxygen partial pressure during thin film deposition has significant impact on its atomic composition indicating that oxygen can alter the deposition rate of metal atoms. Our results show that under the reactive sputtering, O2 partial pressure affected the sputtering yield of metal atoms. Lower O2 partial pressure increases the sputtering yield of vanadium, higher O2 partial pressure increases the antimony yield. Unlike argon, oxygen forms negatively charged ions in plasma which accelerate towards the substrate and changes the film stoichiometry specially by bombarding with the deposited film and maintaining oxygen content into the bulk. The ratios of antimony and vanadium metals in the resulting thin films were determined using energy dispersive x-ray spectroscopy. The ratio data indicates that film becomes slightly V-rich in complete argon environment and becomes slightly Sb-rich in higher oxygen environment, suggesting that the deposition rate and oxidation state of vanadium depends significantly on presence of oxygen. EDS results with the standard deviation of five measurements obtained for films deposited at room temperature are presented in Figure 1 below.
Figure 1: EDS results from RF sputtered AVO after annealing at 550 o C for 60 minutes
In the following discussion, we will concentrate on the optoelectronic properties of representative thin films with Sb/V ratio of 1:1 approximately, as obtained by reactive sputtering with 20 % oxygen partial pressure in Ar+O2 environment (a total chamber pressure of 10 mTorr). For each sample, we selected multiple points at different regions within the sample for EDS measurement, Figure 2 shows initial results from x-ray diffraction (XRD) measurements on sputtered deposited AVO films on soda-lime glass substrate. It was determined that the sputtered AVO films were amorphous (see supplementary information) for substrate temperatures up to approximately 270 o C suggesting that a higher temperature is required to transform an initial amorphous film into a crystalline film. Subsequent post-deposition treatments in air at 550 o C for 60 minutes were able to convert a primarily crystal structure into expected tetragonal SbVO4 phase. For the V-rich film, in addition to the pattern of the SbVO4 tetragonal structure, a strong peak appears near 2θ values of 11-12 o this can be assigned to the V2O5 (002) reflection, showing that excess V can produce phase segregation in the film. We also suspect that the peak at a 2θ value of 28-29 o may include combined contributions from identified V2O5 (003), Sb6O13 and Sb2O4 (012) reflections. Powder XRD (supplementary information) also indicates that the powder consisted of antimony vanadate, Sb2O4, which was indexed as a tetragonal structure with lattice constants a = 4.6352 Å and c = 4.6352Å. A secondary trace phase was also present, which was indexed to be an orthorhombic structure with lattice constants a =4.8135 Å, b = 5.4476 Å, and c = 11.7955 Å; the closest ICDD match to this phase was the compound Sb(SbO4). * XRD measurement indicates that these thin films consisted primarily of antimony vanadate, SbVO4, which was indexed as a tetragonal structure with lattice constants a = 3.164 Å, b = 4.677 Å, and c = 4.677 Å. For the films sputter deposited in a higher oxygen partial pressure, we do not observe evidence of phase segregation in XRD, but reduction in relative peak intensity and shifting of dominant peak slightly towards higher diffraction angle suggest that some growth orientations might be suppressed by additional Sb incorporation. Higher oxygen partial pressure in plasma gas may have reduced kinetic energy of sputtered atoms by scattering during their travel from target to the substrate. Scattering due to presence of oxygen gas along with the substrate bombardment may impact not only the preferential orientation, but also thin film microstructure as well. At room temperature, the deposition rate was determined to be roughly 1.7-2.0 nm/min. Scanning electron microscopy (SEM) was used to determine the morphologies of the sputtered thin films as a function of composition. All films deposited at room temperature were amorphous. After annealing at 550 o C for an hour, all films displayed grains indicating polycrystalline structures as shown in Figure 3 above. The stoichiometric film was characterized by smooth and distinctive grains of a few tens of nanometers in size, whereas slight V-rich film displayed a polycrystalline structure too, but the grains was much bigger but not uniform. XRD also confirmed the presence of the V2O5 impurity phase in those thin films that are deposited in pure argon environment. Sb-rich film (film deposited in high oxygen environment) suffers from significant pinhole issues as in figure c. In high oxygen pressure, sputtered species reach to the substrate with lower kinetic energy and hence reduced mobility may be the leading cause for the formation of pinholes. Surface morphologies were observed using AFM and are shown in Figure 4 below. The surface roughness of the AVO film was in the range of 15-20 nm. 
Surface Morphology
Optical Properties
Transmission and reflection measurements were used in the UV-visible range of the photon spectrum to determine the absorption coefficient and a Tauc plot for estimating the bandgap energy, as shown in Figure 5 . 
AVO bandgap annealed 400 nm
The intrinsic material appears to have an indirect bandgap of approximately in the range of 1.89 -2.36 eV. Thin films deposited under different reactive plasma exhibits different band gap energies. In metal oxide semiconductors, p orbital from oxygen determines valence band maximum (VBM) and s orbital from metal determines conduction band minimum (CBM) [25] . In pure argon environment deposited thin films, the absorption is poor, and the band gap estimation doesn't corroborate with the approximation. But with 20% oxygen incorporation, it appears that optical bandgap of AVO reduces by uplifting VBM also facilitates hole transfer ability at the interface as seen in photoelectrochemical activities as well.
From the UV-vis spectroscopy, it appears that presence of oxygen in the reactive plasma modulates the indirect band gap of the intrinsic material. In a pure oxygen environment [O2/(O2+Ar) =1], the estimated band gap of SbVO4 is around 2.36 eV. However, lower oxygen content reduces its band gap monotonically as summarized in the Table 1 Nonetheless, the RF deposited thin films in pure Argon environment displayed low absorption throughout the spectral range. One of the reasons could be because of the presence of unwanted secondary phases in the material deposited without oxygen partial pressure as observed in the Xray diffraction pattern.
Photoelectrochemical response
The sheet resistance measured using a four-point probe for the annealed RF sputtered film was found to be 7.13 × 10 8 -1.1 × 10 9 Ω/□, indicating intrinsic insulating nature that arises either because charge transport is significantly restricted or that the carrier densities are very low. An attempt was made to determine the carrier concentrations using capacitance-voltage testing by thermally evaporating 20 nm Au back contacts to AVO films. However, all the devices made by this method were heavily shunted, with resistances on the order of 2-3 Ωcm 2 . It is unknown whether the shunting is due to the presence of pinholes or the microcracks along the grain boundaries.
The PEC response from representative SbVO4 thin film electrode in three-electrode system is shown in Figure 6 below. This poor PEC performance at lower bias even with high pH electrolyte indicates the presence of hole-trapping sites. It is possible that Sb or V enrichment may lead to induced defects that serve as a recombination center. Literatures suggest that the crystallographic defects such as V 5+ interstitials and V 5+ substitution on Sb 3+ sites can serve as donors [26] , a situation contradicted with our lower performing situation with V enrichment. Likewise, defects such as Sb 3+ or V 5+ vacancies, or Sb 3+ substitution on V 5+ sites can serve as acceptors and result in p-type doping but it still showing no photocurrent supports the argument that non-stoichiometry in the films induce counterproductive defects.
As a consequence, photoexcited holes can only be extracted under high bias. PEC measurements suggest that material to be n-type under higher forward bias against reversible hydrogen electrode (RHE). Issues with AVO include poor hole transport in the bulk, as further evidenced by higher photocurrents for front as opposed to back-side illumination and slow water oxidation kinetics. robustness. This may be attributed to the fact that presence of oxygen in plasma produces a more hydrophilic surface via the addition of surface groups [27] [28] . Surface degradation after repeated testing under these conditions were negligible as verified by EDS (as shown in Table 2 ) after running multiple tests. Physical vapor deposition (PVD) methods for the synthesis of SbVO4 have never been explored before. The most widely used synthesis methods use sol-gel chemistry coupled with spin-coating or spray pyrolysis to make AVO thin films. Some electrodeposited AVO thin films were also reported.
Sputtering target of SbVO4 can be obtained by sintering and grinding the homogenized mixture of Sb2O3 and V2O5 powders. Single phase tetragonal SbVO4 can be prepared under reactive sputtering with controlled oxygen plasma pressure. The surface morphology and band gap modulation of RF sputtered thin film of SbVO4 has been studied. It is found that the presence of oxygen during sputtering efficiently controls the thin film stoichiometry, surface morphology, and modulates the band gap of these oxides as well. The sputtered AVO thin films in reactive plasma environment with 20% oxygen partial pressure [O2/(O2+Ar) = 0.20] in 10 mTorr of total pressure showed relatively low band gap of 1.89 eV.
It has been concluded that antimony vanadium oxide is a unique semiconductor material which has potential applications in the conversion of sunlight because of its relatively lower and controllable band gap. Future works to mitigate recombination and improve hole-transfer ability may lead SbVO4 to be used directly in water splitting.
Metal Species
Normalized stoichiometric Ratio (after/before) V 1.00 ± 0.02 Sb 1.01 ± 0.01
